Abstract: Additive manufacturing (AM) has become an important tool in the product development process as it offers the possibility to produce parts of good geometrical quality within a short period of time, allowing geometrical validations and the visualisation of ideas. Yet the application of AM is often limited due to the poor mechanical properties of AM parts. In the automotive sector for example, there is a high demand for tough AM parts which have an impact strength comparable to industrially moulded thermoplasts. This paper explores the possibility to increase the impact strength of AM parts by combining a stiff, hard and brittle component (VeroWhite Plus in this instance) with a soft, elastomer-like component (TangoBlack Plus) and arranging these on a micro-scale level in form of alternating, chess-pattern voxels. While one material was responsible for maintaining a sufficient stiffness and strength of the resulting composite structure, the other material acted as an obstacle for crack propagation. Varying the edge length of the voxels, it was possible to investigate the influence of the microscopic voxel geometry on the part's macroscopic impact strength. It was shown that the Charpy impact strength could be raised by a factor of eight (from 10.9 kJ/m 2 to values between 80 kJ/m 2 and 86.1 kJ/m 2 ) compared to the single material. Above a certain voxel edge length the impact strength decreases again. The critical voxel edge length at which this decrease begins was determined. However, the increase in impact strength is accompanied by a decrease in the glass transition temperature.
Introduction
During the last decades additive manufacturing (AM) has become more and more important in several industrial fields. Originating in the 1980s, these technologies aimed at producing prototypes in a quick and automated manner [1] . They were aimed to support the early stages of development. Some years later AM has established itself a manufacturing branch in its own right, not only able to produce prototypes but functional parts in a good quality layer by layer. Nowadays AM offers an alternative to other conventional manufacturing technologies, allowing the fabrication of very complex geometries. Thus the AM market has grown enormously and developed various AM technologies all relying on the layer-based manufacturing principle.
AM methods can be classified in four groups, depending on the choice of physical process they are based on [2, 3] . There are processes which are based on sintering, others are based on glueing, while a third group is based on deposition. The fourth class uses the principle of photocuring for manufacturing parts. Each technology has its advantages and disadvantages and a lot of research activities have been done in order to evaluate them. In order to make AM more appealing for industrial applications, the AM parts must include certain material properties. Hence a lot of research has been undertaken in the field of material development [4, 5] and process optimization [6] [7] [8] [9] [10] [11] in order to continually improve the quality of AM parts.
Swetly et al. compared AM materials to polycarbonate-blended acrylonitrile butadiene styrene (PC-ABS) processed by injection moulding as it is used in automotive series production [12] . They found out that there are properties, e.g. tensile strength at low, room and high temperatures, where AM parts have properties similar to PC-ABS parts fabricated by injection moulding. There are also several AM materials that have a comparable Young's modulus and stiffness at room temperature [13] . Nevertheless, there are still some limitations of AM parts. As investigated by Swetly et al. there are only a few AM materials which have a sufficient impact strength [14] . Most AM materials exhibit an impact strength (Charpy unnotched according to [15] ) of 10 kJ/m 2 -40 kJ/m 2 depending on AM material and AM technology whereas lots of injectionmoulded thermoplasts have impact strengths which exceed 240 kJ/m 2 . For example, PC-ABS has an impact strength of about 260 kJ/m 2 , Polyamide 6 enormous 375 kJ/m 2 and its by 15% glass fibres reinforced modification PA 6 GF15 has 243 kJ/m 2 . Thus there is a difference of factor 6.5-37.5 between AM materials and some injection moulding materials playing an important role in the automotive interior. There are also less impact resistant injection moulding thermoplasts used in automotive series which have an impact strength comparable to many AM materials. For example, injection moulded PC-ABS which is reinforced by 20% glass fibres has an impact strength of only 25 kJ/m 2 . However, these brittle thermoplasts play a minor role in automotive applications.
In order to make AM more appealing for automotive applications, possibilities to produce AM parts with higher impact strength are researched. An interesting approach for solving the issue is inspired by biological materials which are frequently composites made of a hard and a soft phase (e.g. hydroxyapatite and collagen/ water in bone [16] [17] [18] [19] ). Despite the poor mechanical properties of each of the components, the resulting composite can exhibit excellent material properties [20] [21] [22] [23] [24] . Hence a lot of research effort has been undertaken to understand the outstanding properties of biological tissues in the last few years.
In recent years several researchers investigated materials composed of two types of structures: a soft and deformable structure and a stiff, hard structure. Their research papers deal with finding the most favourable hierarchical architecture of such composites. Wang et al. were inspired by bone, nacre or biosilica which are known to be both, stiff and tough. Using finite element micromechanical modelling they proposed co-continuous composites based on a certain lattice architecture [25] . Their co-continuous structures were a simple cubic, a bodycentred cubic and a face-centred cubic Bravais lattice. Using the constituent material properties of a thermosetting polymer and an elastomer they predicted the linear and non-linear mechanical behaviour of these structures including their elastic stiffness, yield strength and dissipative behaviour. Dimas and Buehler inquired biological tissues such as bone, nacre and dentin which all show a structural design at multiple length scales from nanoscale to mesoscale. By developing an atomistically informed mesoscale particle-spring model Sen and Buehler tried to answer whether it is possible to create a material with large strength and toughness out of a single constituent material (silica) by solely engineering its structural design at multiple levels [26] . They then extended this idea by predicting strength, stiffness and toughness of various hierarchical structures using continuum-level models [27] . The hierarchical structures consisted of nanoporous silica forming the soft and deformable phase and of bulk silica as brittle and stiff component.
Further research effort on the effect of architectural and material parameters on structured composites was performed by Dimas et al. [28] . They considered a bonelike, a biocalcite-like and a rotated bone-like geometry consisting of a brittle and hard material and a soft, deformable material. Using computational models, they made predictions on fracture mechanics of such composites. They compared their computational predictions with experimental results they gained from 3D-printed specimens using Polyjet technology. The utilised soft component was TangoBlack Plus whereas the hard and stiff component was VeroWhite Plus.
Based on these previous researches, in this paper a hard and stiff component A with Shore hardness D 86 (VeroWhite Plus) and a soft, elastomer-like component B (TangoBlack Plus) characterised by Shore hardness A 27 were combined on a micro scale level. As this research shall pave the way to a new generation of material development the effects of such multi-material 3D-printing were investigated using a comparably simple pattern, the chess pattern. The results of this research should give an idea about the capability and restrictions of polyjet technology for realising bio-inspired materials made of a soft an hard phase, e.g. nacre, glass sponges and bone.
Hence voxels of material A and material B were arranged according to a chess pattern using AM in order to create an isotropic, impact resistant composite. Thus two materials of different mechanical properties were printed in a voxel-based manner in order to positively influence the fracture toughness of the resulting compound. This first research should give an idea about the ability to use Polyjet for tuning material properties by arranging two materials of different stiffness on a micro scale level.
Methods
In order to manufacture 3D-printed parts based on a combination of two materials on a microscale level, an AM system was needed, which is able to process two materials with different properties within one layer at high resolution. From today's point of view only one commercialised AM technology is suitable for this task. As material properties had to be tuned by combining a hard and stiff and an elastomer-like material Polyjet technology of Stratasys Ltd., Billerica, MA, USA, was used. Polyjet technology is based on the principle of inkjetting and photocuring one or multiple photopolymers.
All the parts investigated in this research were built using an Objet Connex 500 in digital mode. Each material, located in cartridges, is funnelled through a liquid system connected to the printing heads. Each of the eight printing heads contains 96 nozzles with a 50 μm diameter. Four printing heads deposit the support material, whereas of the other four printing heads two deposit the first build material, material A, and two the other build material, material B. The printing heads are followed by an UV light that immediately cures the printed material allowing new layers to be printed in short sequences. According to the recommendation of Dimas et al. two materials with a stiffness ratio as high as possible were used [28] . Hence as hard component A, the stiffest material processable by Polyjet technology, VeroWhite Plus (Shore hardness D86), was chosen whereas as elastomer-like component B the Polyjet-material with the lowest stiffness was used, TangoBlack Plus (Shore hardness A27).
As Fratzl et al. have shown, the toughness of a layered compound part can be improved if layers of material A are stacked in combination with layers of material B [29] . For this work an isotropic model is preferred which combines the two materials on a microscopic level in a voxel-based manner. Following this idea, the individual voxels were arranged according to a chess pattern. The component with the large elastic modulus is responsible for giving the compound a stiff and hard structure and the second component with the low elastic modulus acts as an elastomer-like material allowing an increase in impact strength of the final bi-material voxel compound (BMVC). These two types of materials were aligned alternatingly by aligning voxels of material A and B of a certain voxel edge length, a (compare Figure 1 ). By varying voxel edge length on a micro-scale level the influence of voxel edge length on the impact strength and tensile properties of the part on a macro-scale level was investigated.
Basis for printing two-component-parts with the utilised AM technology (Objet Polyjet) were STL-files containing the information which geometries had to be printed by material A and which by material B. In order to keep preprocessing effort low, STL-files of parts based on voxels of a certain voxel edge length were created in an automated manner using tesselation. Thus each cuboid building block is composed of 12 triangles. Then an ASCII-STL-data file was generated which was converted in a binary-STL-file in order to keep data volume low. Since Connex 500 cannot deal with large data volumes, the file size had to be kept as low as possible. The result is a STL-file as it is visualised in Figure 2 for impact bending test specimens. Such STLfiles got transferred to the Connex 500 and the voxel-compound got manufactured. For the manufacturing process the digital mode was used which corresponds to a layer thickness of 16 μm.
Investigated voxel edge lengths and their influence on impact strength
Voxels with edge length, a, made up of material A and material B were aligned according to a checkboard pattern as illustrated in Figure 1 . The resulting impact bending specimens got positioned on the build platform as it is illustrated in Figure 2 . Hence they were built as it is illustrated in case of a BMVC with voxel edge length of 1000 μm.
Values for Charpy impact strength (unnotched) were determined according to the standard DIN EN ISO 179-1 [15] in the edgewise direction (compare Figure 3 ) using a pendulum impact tester of Zwick and Roell, type HIT 50 P, at room temperature (23 °C). The specimens were building blocks of an area of 80 mm × 10 mm with 4 mm height. For each set of parameters and material a series of 10 specimens was tested. After the exact value for each specimen was obtained, the mean value as well as the standard deviation was calculated and visualised. In order to investigate the influence of voxel edge lengths on the impact strength, parts were fabricated with different voxel edge lengths being 250 μm, 300 μm, 350 μm, 400 μm, 450 μm, 600 μm, 800 μm and 1000 μm. The mono-material samples of VeroWhite Plus were tested using a pendulum energy of 1.0 J whereas the mono-material samples of TangoBlack Plus were tested with a pendulum energy of 0.5 J and the BMVC parts with a pendulum energy of 5.0 J taking into account the varying toughness of the materials. Fracture surfaces of selected specimens were investigated by scanning electron microscopy (SEM) in order to characterise fracture surfaces as well as failure mechanisms. For SEM the specimens were not specially prepared and a scanning electron microscope type Quanta FEG 650 of FEI with an accelerating voltage of 1 kV was used. 
Elastic properties of the voxel-compound
As a starting point for analysing elastic properties of BMVC specimens, mono-material samples made of material A, VeroWhite Plus, and material B, TangoBlack Plus, were analysed using tensile tests which were performed according to standard [30] at room temperature. The geometry of the tensile test specimens were of type S2 which is depicted in Figure 4 . A deformation rate of 200 mm/min and a pretension of 0.005 MPa were chosen to perform the tensile tests. All the tensile tests were performed using a universal testing machine type Z005 of Zwick & Roell with their software testexpert1. Of each material type five specimens were built lying in the x,y-plane.
The mean values for strain at break as well as tensile strength for both materials, VeroWhite Plus and TangoBlack Plus, were calculated based on the results of a series of five specimens. Then the corresponding stress-strain curves were plotted. In order to investigate how tensile properties of the BMVC are affected by the voxel edge length, BMVC parts with a voxel edge length of 300 μm, 400 μm, 600 μm, 800 μm and 1000 μm were investigated as well and compared to the mono-material samples, VeroWhite Plus ( Figure 5 ) and TangoBlack Plus ( Figure 6 ). For each voxel edge length a series of five BMVC specimens was investigated. These five BMVC tensile test specimens were built lying in the x,y-plane (compare Figure 7) . Analogue to the mono-material specimens the mean values were calculated and the stress-strain function plotted.
Dynamic-mechanical analysis
For the investigation of the temperature dependence of elastic properties the dynamic mechanical analysis (DMA) was utilised and mono-material samples (VeroWhite Plus and TangoBlack Plus) were compared to BMVC samples exhibiting the largest impact strength. A DMA 2980 Dynamic Mechanical Analysis and testing software Universal Analysis 2000 from TA instruments was used for these investigations. A temperature range from -40 °C to 95 °C was evaluated. For all DMA investigations in this paper three point bending mode was chosen. The chosen heating rate was 3 °C per min. The chosen amplitude was 70 μm at a frequency of 1 Hz. All the samples were preloaded with 0.05 N. The geometry and build orientation of the specimens were chosen analogously to the impact bending tests described in Section 2.1. As these specimens were slightly too long for the utilised DMA testing apparatus the specimens were shortened by 15 mm using a saw.
Results

Investigated voxel edge lengths and their influence on impact strength
In Figure 8 Table 1 .
Furthermore, the fracture behaviour was analysed by classifying the results of the impact bending tests in three categories: 'complete separation', 'partial separation' and 'no separation'. 'Complete separation' means the investigated specimen has been separated in at least two parts after impact testing. 'Partial separation' refers to specimens where a defect could be observed, but the specimen was not completely separated. 'Unseparated' means that the specimens did not show a macroscopic crack after testing. The results are depicted in Table 2 . With voxel edge lengths of 250 μm, 300 μm and 350 μm all the 10 specimens separated. Voxel edge lengths larger than 350 μm displayed non-separations in the series of ten specimens. As the SEM-images of the BMVC in Figure 9 show, the voxel-based architecture can be identified. The light voxels represent the white and brittle material A, VeroWhite Plus. As it is visible the voxels are manufactured with high resolution. Material A and B can be differentiated easily. As the SEM-images with higher resolution indicate the break lines do not propagate along the interlayer between the voxels of different material.
In Figure 10 the fracture surface of a BMVC with voxel edge length of 600 μm is illustrated. On the fracture surface the break lines which are marked by the drawn line can be detected. It can be noticed that the break lines propagate predominantly through the brittle material, VeroWhite Plus. In order to differentiate the voxels of material A and B easily the voxels are highlighted in case of the SEM-image with magnification factor 100: Dark colour for TangoBlack Plus and light colour for VeroWhite Plus. The brittleness of material A and B, VeroWhite Plus and TangoBlack Plus, is confirmed by the SEM-images. The fracture surfaces show no indication of ductile material behaviour. Figure  11 depicts the fracture surfaces of BMVC specimens with varying voxel edge length after impact bending tests. As indicated by the short arrows within the SEM-images the break lines propagate from tension zone to bending zone of the impact bending test specimens. The bold arrows labelled with F indicate the impact direction which is applied by the pendulum.
Elastic properties of the bi-material voxel compound
The mean values for strain at break, ε b , and tensile strength, R m , of the mono-material samples lying in the x,y-plane of VeroWhite Plus as well as TangoBlack Plus are depicted in Table 3 . Figure 12 illustrates the stress-strain curves of all the materials investigated. For each material five specimens were investigated. The equations describing the elastic and plastic area of the stress-strain curves are listed in Table 4 . Table 5 depicts the mean values of tensile strength, strain at break and impact strength of BMVC specimens with varying voxel edge length.
Dynamic-mechanical analysis
For many amorphous polymeric materials an increase in impact strength is connected with a reduced glass transition temperature. Using DMA it was investigated, to which extent this is also true for the materials of interest in this work: VeroWhite Plus (see Figure 13 ) and TangoBlack Plus (see Figure 14 ) and the BMVC with voxel edge length of 400 μm ( Figure 15 ). It becomes obvious that the qualitative characteristics of the DMA-curves of the elastomer-like material, TangoBlack Plus, is similar to the one of the BMVC. For example, the curve progression of the loss modulus of the BMVC shows a similar characteristic to the one of TangoBlack Plus, whereas the investigated VeroWhite Plus shows a significantly different behaviour regarding loss modulus. Another relevant feature is the decreased glass transition temperature of the BMVC (maximum of tanδ-curve) with respect to VeroWhite Plus.
Discussion
Investigated voxel edge lengths and their influence on impact strength
The measurements of impact strengths of the BMVC parts show that impact strength significantly depends on the voxel edge length (compare Figure 8) was found where an increase in voxel edge length leads to a decrease of impact strength. The reason for this upper critical voxel edge length can be found in linear-elastic fracture mechanics. In case of a brittle material with a crack of length, l, a critical situation is obtained if the following condition is fulfilled:
K critical is the critical stress intensity factor which may not be exceeded. K critical corresponds to the toughness of the utilised material. K is the stress intensity factor described by the following equation where σ is the occurring stress and f a shape factor:
By assuming a shape factor of one the following condition is obtained where l critical is the critical crack length:
σ is assumed to be equal to the tensile strength of the brittle material, VeroWhite Plus, as the crack propagates predominantly through the stiff material [31] . Hence σ is equal to 33.72 MPa (compare Table 3 ). Furthermore, for K critical a value of 1.5 MPa·m 0.5 is assumed which is typical for photosensitive resins [32] . The critical crack length which leads to material failure was calculated according to Equation modulus between the alternating layers determines the increase in toughness [29] . In cases where the ratio between the elastic moduli is at least five, toughening is observed. This correlates with the observation of this work, since the investigated materials, VeroWhite Plus and TangoBlack Plus, differ decisively regarding their elastic modulus.
As can be seen from the SEM fractographs (compare Figure 9 ) the crack propagates predominantly within the hard and stiff material A, since the break lines are deflected by the voxels of the soft TangoBlack Plus material. Obviously, the soft material has a toughening effect on the composite. The soft elastomer-like material deflects the growing crack, leading to the mentioned toughening effect. Dimas and Buehler also observed that the brittlematrix structures fail by growth of a single dominant crack [33] . As investigated by Sen and Buehler the soft and deformable material, TangoBlack Plus, acted as an obstacle for crack propagation [27] .
Since the voxels of the soft phase are rather large, they can be seen as internal defects within the composite. This effect might counteract the toughening effect discussed above. Although no specific investigations have been performed with respect to this issue, the toughening effect seems to be stronger than the weakening by internal defects. Probably this is due to the relatively large corner radius, caused by the limited precision of the used manufacturing process.
Although no direct measurements of the interface strength were performed, the analysis of the fracture surfaces gives an indication of the bonding strength between hard and soft phase. Since the crack predominantly runs through the hard phase, it can be assumed that the bonding between soft and hard material is strong. Only in very few instances cracks along the interface could be observed. As the crack always chooses the path which costs less energy to propagate through it seems to be easier to propagate through the hard material A than using the boundary surface of material A and B or even the elastomer-like material B.
It turned out that although the value for impact strength might not be influenced by the voxel edge length between 250 μm and 450 μm the failure mechanism of the Table 2 ). In case of very small voxel edge lengths (250 μm, 300 μm and 350 μm) all 10 specimens tested fractured whereas in case of higher voxel edge lengths only a few samples fractured. The most non-separations (five specimens) were found in the voxel edge length group of 450 μm. Four of 10 BMVC specimens of 600 μm voxel edge length did not fracture. BMVC specimens of 1000 μm and 400 μm voxel edge length showed three non separations. Both types of BMVC behaved similar to the BMVC with 450 μm voxel edge length regarding fracture behaviour. The overall picture obtained is that larger voxel edge lengths lead to more non-separations although the BMVC of 800 μm voxel edge length group is an exceptional case. All investigated ten BMVC specimens with voxel edge length of 800 μm fractured. The supposition that fracture behaviour depends on voxel edge length can be justified by comparing the BMVC's voxels made of TangoBlack Plus to a bending beam. The longer the beam the more it is able to show displacement. If the measured impact strengths of the BMVC investigated in this paper are compared to the pure material A, VeroWhite Plus, it can be summarised that impact strength could be increased decisively: Comparing the BMVC specimens to mono-material specimens of Vero-White Plus, the impact strength could be increased by a factor of eight to nine (compare Table 1 ). If BMVC specimens are compared to mono-material specimens of TangoBlack Plus the increase is even higher.
Investigated voxel edge lengths and their influence on tensile properties
The results obtained in the tensile tests illustrated in Figure 12 were interpolated linearly. An interpolation of the BMVC which covers the linear-elastic area as well as an interpolation in the plastic area was calculated. Table 4 depicts the equations which describe these interpolations. As the results of this table show no tendency can be observed. Considering the stress-strain curves in Figure  12 it is striking that the BMVC with 400 μm voxel edge length has the highest level in the stress-strain diagram. In case of the interpolations of the plastic area the results spread out as well. As can be seen, the mono-material specimen made of VeroWhite Plus shows a stress-strain curve which is characteristic for a thermosetting material. In contrast to that the mono-material samples made of TangoBlack Plus show characteristics of a typical elastomer. Nevertheless, the stress-strain function of TangoBlack Plus shows nearly linear elastic material behaviour. But in contrast to an elastomeric material a large amount of the deformation is irreversible. The stress-strain curves of BMVC samples differ significantly from the curves of the mono-material samples, lying between the stressstrain function of TangoBlack Plus and VeroWhite Plus. In Table 5 the mechanical properties tensile strength, R m , strain at break, ε b , and impact strength of the various BMVC investigated in this research are compared. The BMVC with a voxel edge length of 400 μm has the highest values for tensile strength, strain at break and impact strength. The BMVC with 300 μm is ranked second if material properties are compared. For strain at break and impact strength the properties decrease with increasing voxel edge length. This is a natural result as materials with high impact strength usually also show high strains at break. A slight deviation of the rule that the material properties decrease with increasing voxel edge length can be observed in case of tensile strength at the BMVC with voxel edge length of 600 μm. The lowest value of 4.4 MPa for tensile strength can be observed at this voxel edge length whereas for voxel edge lengths of 800 μm the tensile strength is 8.9 MPa and for BMVC with 1000 μm voxel edge length 4.8 MPa.
Dynamic-mechanical analysis
The comparison of the DMA-curves shows that the increase of the impact strength is upset by a decrease in temperature resistance (compare Figures 13-15 ). The maximum of tanδ, corresponding to the glass transition temperature, of VeroWhite Plus is at 83.2 °C whereas the maximum of tanδ is at 50.8 °C for the BMVC with voxel edge length of 400 μm. TangoBlack Plus has the maximum of tanδ at 20.1 °C. Thus the BMVC sample has a glass transition which is at higher temperatures as for TangoBlack Plus but at lower temperatures as for VeroWhite Plus.
The maximum of the loss modulus is found at a similar temperature for the BMVC and TangoBlack Plus: In case of the BMVC it is at about -1 °C, for TangoBlack
Plus it is at about -4 °C. Hence the maximum of the loss modulus of the BMVC is similar to that of TangoBlack Plus. The qualitative characteristic of the loss modulus of the BMVC is comparable to that of TangoBlack Plus as well. But the peak of the BMVC is broader.
The storage modulus of VeroWhite Plus, a value which is closely connected with the Young's modulus, falls below 1900 MPa at 45 °C. This is about 50% of the maximum storage modulus. For TangoBlack Plus the maximum of the storage modulus is about 1100 MPa. The 50% mark of the storage modulus (550 MPa) is undercut at -7 °C. The BMVC's storage modulus depicts its maximum (3480 MPa) at -37 °C. It falls below the half of its maximum (1740 MPa) at -1 °C.
The glass transition temperature of the BMVC (T g,BMVC ) with voxel edge length of 400 μm measured using DMA was compared to the analytical value calculated using Fox's law according to Equation (6):
In Equation (6) 
Conclusion
To sum up the results, this paper proposes a method to increase impact strength by combining a brittle and an elastic material on a microscale level in a voxel-based manner. It was possible to quantify the influence of voxel edge length on the impact strength as well as on the fracture behaviour of thus generated BMVC. These results were confirmed by fracture analysis using SEM-images. Compared to its constituent materials, our compound had 800%-900% of the impact strength of the pure material A. This is an increase of 300%-400% compared to most AM materials [12] . Nevertheless, this increase in impact strength is accompanied by reduced thermostability. The glass transition of all the BMVC samples was below the pure material VeroWhite Plus. The BMVC with the highest impact strength was the BMVC with voxel edge length of 400 μm. It was observed that, above a certain critical voxel edge length, the longer the voxel edge length the lower is the impact strength. Based on fracture mechanics the critical crack length was calculated (l critical = 630 μm) and thus the critical voxel edge length (a critical = 445 μm) could be determined. Using impact bending tests this analytical calculation could be proven by experimental results. Furthermore, this research contains results of tensile tests of the investigated BMVC. Strains at break of BMVC samples were between the values of mono-material-samples made of pure TangoBlack Plus and pure VeroWhite Plus. Again the BMVC with voxel edge length of 400 μm had the highest value for strain at break. A challenging task is to offer materials processable by such multimaterial AM processes which have a high heat resistance. A high glass transition would be interesting for the automotive industry as well as for many other industries. As the critical crack length depends on the material specific critical stress intensity factor, K critical , materials with high value for K critical would be desirable. The combination of materials might be the key to tune material properties according to various applications and could open doors for a new generation of manufacturing in the future. This research has shown that new technologies allow the realisation of bio-inspired materials by combining materials of varying stiffness according to a certain architecture on a micro-scale level. The paper has stroke the path to a new generation of materials. Realising parts based on the pattern of intelligent biomaterials offers the possibility to generate materials with outstanding material properties. Figure 16 offers some ideas of architectures the process presented in this research can be used for. As illustrated it is possible to embed voxels of the soft material in the hard material or vice versa. The geometrical parameters describing the voxels is again the voxel edge length a. But also more complex architectures can be realised, such as the brickmortar pattern well representing the hierarchy of biocalcite [34] [35] [36] . Bricks of the stiff material are embedded in a mortar structure made of the soft material. Another idea is to realise layered parts, such as the spicules of glass sponges. The research related to human use has been complied with all the relevant national regulations, institutional policies and in accordance the tenets of the Helsinki Declaration, and has been approved by the authors' institutional review board or equivalent committee.
